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SR protein kinase 1 (SRPK1) is a constitutively
active kinase, which processively phosphory-
lates multiple serines within its substrates,
ASF/SF2. We describe crystallographic, molec-
ular dynamics, and biochemical results that
shed light on how SRPK1 preserves its
constitutive active conformation. Our structure
reveals that unlike other known active kinase
structures, the activation loop remains in an
active state without any specific intraprotein
interactions. Moreover, SRPK1 remains active
despite extensive mutation to the activation
segment. Molecular dynamics simulations re-
veal that SRPK1 partially absorbs the effect
of mutations by forming compensatory inter-
actions that maintain a catalytically competent
chemical environment. Furthermore, SRPK1 is
similarly resistant to deletion of its spacer loop
region. Based upon a model of SRPK1 bound
to a segment encompassing the docking motif
and active-site peptide of ASF/SF2, we suggest
a mechanism for processive phosphorylation
and propose that the atypical resiliency we
observed is critical for SRPK1’s processive
activity.
INTRODUCTION
Serine/arginine-rich (SR) proteins are a family of essential,
non-snRNP splicing factor and are characterized by the
presence of at least one amino-terminal RNA-recognition
motif (RRM) and a C-terminal domain rich in arginine-
serine (RS) dipeptides (Fu, 1995; Graveley, 2000). The
most extensively studiedSRprotein isASF/SF2,whichhas
two RRMs followed by an RS domain of nearly 50 amino
acids. SR protein kinase 1 (SRPK1) phosphorylates ASF/
SF2 at nearly ten sites within the N-terminal portion of
RS domain (RS1) (Aubol et al., 2003). Phosphorylated
ASF/SF2 then localizes to the nuclear speckles. Further
phosphorylation of ASF/SF2 by the Clk/Sty family of ki-Structure 15, 123nases is important for its release from speckles to move
to the site of splicing (Cao et al., 1997; Misteli et al., 1998).
SRPK1 binds ASF/SF2 with unusually high affinity (Kd =
25–50 nM) for a kinase-substrate pair, as one would ex-
pect such high affinity would reduce catalytic turnover
(Aubol et al., 2003; Ding et al., 2006). However, this high-
affinity interaction might be critical for processive phos-
phorylation of approximately ten serines within the RS
domain of ASF/SF2 by SRPK1 (Aubol et al., 2003). The
molecular basis of this unusually high binding affinity is
not entirely clear except the fact that, in addition to binding
the substrate through the substrate binding groove at the
active site, SRPKs possess a docking groove distal from
the active site (Ngo et al., 2005). The docking groove is
formed by the MAP kinase insert and the loop between
helices aF and aG and is a constant feature of all members
of the CMGC group of kinases, including SRPKs andMAP
kinases (Lee et al., 2004). Our previous report showed that
this docking groove recognizes a docking motif present
in ASF/SF2 and the docking interaction is critical for the
regulation of extent of phosphorylation of ASF/SF2. Com-
plete deletion of the docking motif or point mutations
within this motif resulted in increase of phosphorylation
from 10 (hypophosphorylated state) to 15 residues
(hyperphosphorylated state) both in vitro and in vivo by
SRPK1. This extended phosphorylation led to the mis-
localization of ASF/SF2 in the nucleus (Ngo et al., 2005).
Most eukaryotic protein kinases require posttransla-
tional modification and/or interaction with other proteins
for their catalytic activities, and thus, when expressed in
E. coli, these kinases are mostly inactive. Both human
SRPK1 and Sky1p (SRPK in yeast), however, have been
shown to be active when purified from bacteria, implying
that they are constitutively active kinases. Mass-spectro-
metric analysis of these E. coli-derived proteins did not
reveal any modification. The X-ray crystal structure of
Sky1p shows unique structural features responsible for its
constitutive activity (Nolen et al., 2001). The long C termi-
nus of Sky1p directly interacts with the activation loop and
stabilizes the activation segment in an active conforma-
tion. This interaction is essential for the catalytic activity
of Sky1p. However, this long C-terminal extension is not
present in SRPK1. Furthermore, both SRPK1 and Sky1p
contain a long nonconserved sequence, known as the
spacer domain, which bifurcates the kinase domain.–133, January 2007 ª2007 Elsevier Ltd All rights reserved 123
Structure
Crystal Structure of Apo-SRPK1Removal of the entire spacer domain of Sky1p does not
affect its catalytic activity. However, the role of the spacer
in regulating SRPK1 catalytic activity is not fully clear. In
all, understanding the mechanism of how Sky1p retains
its constitutive activity could not explain the same of its
functional ortholog SRPK1. In our previous report, we
described the docking interactions by using the structure
of SRPK1/peptide/ADP ternary complex (Ngo et al., 2005).
However, mechanistic insights into the maintenance of
constitutive kinase activity were not described.
Here, we sought to address how SRPK1 maintains its
activity of processive phosphorylation of ASF/SF2. We
describe the structural features of a catalytically active
fragment of SRPK1 as seen in the ternary complex previ-
ously and in its apo form not described before. These
structures exhibit all of the defining features of a kinase
in its catalytically active form yet reveals no obvious intrin-
sic mechanism for maintaining its activity. In our structure,
two spacer helices from the spacer region of SRPK1 inter-
act with the back of the kinase core, and indeed, biochem-
ical and molecular dynamics studies demonstrate that
these spacer helices are important for the global stabiliza-
tion of SRPK1. However, this stabilization effect is not
sufficient to explain the activity of SRPK1 since under spe-
cific conditions the spacer-deleted SRPK1 is as active as
the wild-type kinase. We further show that the flexible
N-terminal region can substitute the function of the spacer
helices. Residues involved in mediating network of inter-
actions surrounding the activation segment can also be
substituted without having significant effect on the cata-
lytic activity. Finally, structural information aided by MD
simulations studies allowed us to propose a model of
SRPK1 in complex with ASF/SF2, and the model demon-
strates how ASF/SF2 binds SRPK1 and undergoes proc-
essive phosphorylation.
RESULTS AND DISCUSSION
SRPK1 Maintains a Constitutively
Active Conformation
Sequence analysis of all SRPKs led us to generate an ap-
propriate fragment of SRPK1, SRPK1DNS1, which yielded
well-ordered crystals (Figure S1). In the crystals, two
SRPK1DNS1 molecules are organized in a head-to-
tail arrangement across a crystallographic 2-fold axis,
similar to those observed for several other kinases (Fig-
ure S2A) (Dajani et al., 2001; Lowe et al., 1997). However,
SRPK1DNS1 remains as a monomer in solution, suggest-
ing that observeddimerizationmight not be aphysiological
event (Figure S2B).
The overall structure of SRPK1DNS1 is similar to other
protein kinases in active state (Figure 1A) where the con-
formation of the N- and C-terminal anchors of the activa-
tion segment is superimposable with that of other active
Ser/Thr kinases and indicative of a catalytically competent
state (Johnson et al., 1996; Nolen et al., 2004). In addition,
the entire activation segment of SRPK1 and Sky1p can
be superimposed with an rmsd of 0.442 A˚ (Figure 1B).124 Structure 15, 123–133, January 2007 ª2007 Elsevier Ltd AAnother signature feature, observed in all active kinases,
is the proper positioning of helix aC in the small lobe such
that an invariant glutamate of helix aC forms an ion-pair
with an invariant lysine of b3 (Huse and Kuriyan, 2002;
Johnson et al., 1996). In the structure of SRPK1DNS1, pro-
tein-protein interactions at the dimer interface and local
interactions between one of the spacer inserts (helix
aS1) and the small lobe results in a distortion of the b sheet
formed by b1, b2, and b3, rotating it slightly toward helix
aS1. Due to this structural movement, K109 and E124,
the two invariant residues mentioned above are pulled
apart by4.6 A˚ (Figure 1C). However, in spite of this small
deviation, these two residues are ordered and oriented
correctly, requiring only a small adjustment to form the
important ion pair, which suggests that SRPK1 adopts
an active conformation.
Due to crystal contacts and the interactions at the dimer
interface, the models of apo-SRPK1 and the peptide/
ADP-bound SRPK1 are maintained in almost identical
conformations and can be superimposed with an rmsd
of 0.446 A˚ for the a carbons of 348 residues with the pro-
gram O (Jones et al., 1991). As shown in Figure 1D, upon
binding to ADP, the small lobe of SRPK1 exerts minor
movement where the b hairpin between b3 and b4 and the
N-terminal region of the helix aC are deviated from their
positions in the apo-form. However, thismovement is sub-
tle and does not affect the positions of any catalytically
important residues. Furthermore, no significant changes
are observed at the docking groove identified previously
in both models.
SRPK1 Spacer Helices Mimic Interactions Required
for Activity in Other Kinases
A unique feature of the structure of SRPK1 is extensive
interactions between its kinase core and the inserts of the
spacer domain (Figure 2). The N-terminal spacer insert,
which folds into a long helix (aS1), interacts with the small
lobe, whereas the C-terminal spacer insert, which folds
into a 310 helix (aS2), interacts with the large lobe. The
helix aS1 anchors the small lobe and the hinge region
that links the two lobes by forming a deep and extended
hydrophobic core, which involves I228 of helix aS1 and
V167 of the hinge region (Figure 2, upper inset). It is appar-
ent that this hydrophobic core would also affect binding
of the adenine moiety of nucleotide. This intramolecular
interaction between helix aS1 and the SRPK1 kinase
core is remarkably similar to the intermolecular interaction
observed in the structure of aurora B kinase bound to its
activator, INCENP (Sessa et al., 2005). Figure 2 (right
upper panel) shows the detail intermolecular interactions
between the small lobe of aurora B kinase and helix a1
of INCENP. Although the INCENP a1 and aS1 helices
have opposite orientation, the hydrophobic core and the
detailed interactions are very similar. It appears that the
spacer helices of SRPK1 and INCENP helices might play
similar role to maintain the kinase active state.
The helix aS2 interacts with a hydrophobic groove in
the large lobe formed by helices aD and aE and the
loop between b7 and aS1. This groove is stabilized byll rights reserved
Structure
Crystal Structure of Apo-SRPK1Figure 1. Overall Architecture of
SRPK1DNS1
(A) The overall structure of SRPK1DNS1 is sim-
ilar to other protein kinases where the kinase
core is folded into two lobes—the N-terminal
small lobe composed primarily of b strands and
the C-terminal large lobe composed mostly of
a helices.
(B) Left panel: The activation loop of SRPK1
adopts a tight b-turn conformation and does
not require phosphorylation. The presence of
the b sheet formed by b6 and b9 along with
the critical interactions between T514, D213,
and K215 suggest that the activation segment
is correctly anchored in an active conforma-
tion. The side chain of Q513 is also involved
in a network of interactions that further stabi-
lizes the activation loop by assuming a strained
backbone conformation. Right panel: The acti-
vation loop of Sky1p (Nolen et al., 2001) highly
resembles that of SRPK1 except that it makes
additional contacts with the C-terminal exten-
sion denoted in yellow.
(C) Catalytic residues of SRPK1 structure are
ordered and positioned correctly for catalysis
except K109 and E124, which although or-
dered, are separated by 4.6 A˚ and require
slight conformational adjustment to form the
invariant ion pair. The corresponding residues
of PKA (gray, transparent) are overlaid for com-
parison.
(D) Overlaid structures of SRPK1 in its apo-
(blue) and peptide/ADP-bound (gray) forms
(Ngo et al., 2005). Figures 1, 2, 4A, and 7A
were generated with MOLSCRIPT (Kraulis,
1991) and PyMOL (Delano, 2002).van der Waals interactions mediated by residues L479,
V480, P482, and L483 from the loop that precedes helix
aS2 together with P485, A488, and L491 within the helix
(Figure 2, lower inset). MAP kinases utilize an identical
hydrophobic groove (the DEJL motif binding site) to dock
their substrates, activators, inhibitors, or scaffold proteins
(Bhattacharyya et al., 2006; Biondi and Nebreda, 2003;
Chang et al., 2002; Heo et al., 2004; Lee et al., 2004).
The same docking groove is also involved in intramolecu-
lar interactions in large number of other kinases including
PKA, CDK2, and PAK1 (Figure 2, right bottom panel) (De
Bondt et al., 1993; Knighton et al., 1991; Lei et al., 2000).
Spacer Helices Are Not Required
for Catalytic Activity
We wished to test if the spacer helices are critical in main-
taining the catalytically active conformation of the activa-
tion segment of SRPK1. Wemutated two residues (V167A
and I229A) that appear to stabilize the interaction between
spacer helices and core of the kinase. However, the
mutant is not defective in substrate phosphorylation (data
not shown). Next, we completely deleted both helicesStructure 15, 12(SRPK1DS) to test if they play any role in catalysis and
compare it to that of SRPK1DS1 (Figure 3A). While the cat-
alytic activity of SRPK1DS reaches maxima within 15 min
in our assay, SRPK1DS1 continues to phosphorylate ASF/
SF2 for longer times (data not shown). This observation
suggests that SRPK1DS becomes unstable over time
under the assay condition and fails to complete substrate
phosphorylation. To further test the stability of these ki-
nases under different assay conditions, we preincubated
both enzymes at 25C under high and low ionic strength
buffer solutions for different times before initiating the
reaction. While the activity of SRPK1DS1 remained the
sameeven after 60min preincubation, SRPK1DS lostmost
of its activity between 15 to 30 min of preincubation in low
ionic strength buffer (Figure 3B), and the loss of activity
of SRPK1DS is not due to precipitation. In contrast, the
kinase retained most of its activity at high ionic strength
buffer. This suggests the inactivation of the kinase is due
to the absence of stabilization from the space helices.
When the N-terminal 41 residues were removed from
SRPK1DS (SRPK1DNS), the mutant kinase lost most of
its activity irrespective of buffer conditions, while the3–133, January 2007 ª2007 Elsevier Ltd All rights reserved 125
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Crystal Structure of Apo-SRPK1Figure 2. Spacer Helices Are Structural Mimics of Other Kinases
Ribbon diagram of the spacer inserts showing extensive hydrophobic interactions mediated by helices aS1 and aS2. Critical residues involved in the
interactions are indicated. Top right panel: The hydrophobic groove seen in INCENP/Aurora B kinase complex (Sessa et al., 2005) is structurally sim-
ilar to the groove formed by the small lobe and large spacer helix in SRPK1DNS1. Bottom right panel: The identical hydrophobic groove in the large
lobe of PKA is involved in intramolecular interaction with its C-terminal extension (Knighton et al., 1991).same deletion in SRPK1DS1 (the crystallized fragment
SRPK1DNS1) showed no effect (Figure 3C). Moreover, the
complete removal of the N terminus from SRPK1DNS1,
resulting in SRPK1DN1S1, did not reduce phosphoryla-
tion activity either (Figure 3D). These results suggest that
the spacer helices show mild effects on kinase stability
under normal assay conditions; however, in the absence
of the N terminus or at low ionic strength condition, the
importance of the spacer helices in maintaining kinase
activity become apparent. These observations are sur-
prising: First, the spacer helices do not appear to specifi-
cally stabilize the activation segment in an allosteric
manner but rather globally affect the kinase stability. Sec-
ond, the N-terminal segment can compensate the stabili-
zation function of the spacer helices.
SRPK1 Shows Resistance to Inactivation
The lack of any measurable influence of the spacer and
the N terminus in kinase activity prompted us to carefully
examine the direct interactions involving the activation
segment in search for clues as to how SRPK1 retains its
catalytically active state. In the model of SRPK1DNS1, the
tip of the activation loop is mostly solvent exposed, and
multiple well-ordered water molecules mediate a network
of side-chain-side-chain and side-chain-backbone inter-
actions (Figure 4A, top panel). In particular, R208 from126 Structure 15, 123–133, January 2007 ª2007 Elsevier Ltd Alhelix aE interacts with N529 from helix aF through water-
mediated interactions. These interactions do not exist in
Sky1p due to the placement of the C-terminal extension
at this region. In fact, Sky1p contains glycines at the
corresponding positions of R208 and N529 of SRPK1 in
order to prevent steric clashes (Figure 4A, bottom panel).
Another water molecule in the model of SRPK1DNS1
bridges H505 to the backbone of helix aE, and this interac-
tion is prevented by Y557 in Sky1p. Y528 from the aEF/aF
loop of SRPK1 resides in a hydrophobic pocket, and its
hydroxyl group directly hydrogen bonds to the backbone
carbonyl group of T509, and a water molecule further
bridges this side chain to the backbone of the activation
loop. In the active structures of PKA and ERK2, the corre-
sponding tyrosines at this position also hydrogen bond
to the backbone carbonyls of their phosphothreonines,
respectively, suggesting this residue might play an impor-
tant role in stabilizing the active conformation of the acti-
vation loop. In contrast, Sky1p contains a tryptophan
at this position and only makes contact to the side chain
of N563. Furthermore, E510 (N563 in Sky1p) of SRPK1
forms an ionic pair with K585 and hydrogen bonds to
Y586 from the MAP kinase insert, and D511 (S564 in
Sky1p) is bridged to the guanidinium group of R518 by
another water molecule (Figure 4A, compare top and bot-
tom panels). We reasoned that these interactions couldl rights reserved
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Crystal Structure of Apo-SRPK1Figure 3. Spacer Insert-Mediated Interactions Are Important for Maintaining Kinase Activity
(A) Domain organization of SRPK1 and different constructs generated. The conserved kinase subdomains (shown in purple) defined by Hanks and
Quinn (1991) are bifurcated by the spacer region. N- and C-terminal spacer regions are colored yellow and green, respectively.
(B) Kinases are preincubated at room temperature for the indicated time period before performing activity assay and all reactions are carried out for 10
min. Both SRPK1DS1 and SRPK1DS deletionmutants remain stable after 60 min when the kinases are suspended in buffer that contains high content
of salt. In the presence of low content of salt, SRPK1DS1 retains most of its activity, while SRPK1DS starts to lose its catalytic activity after 15 min.
(C) The spacer regions are essential for the catalytic activity of SRPK1 in the absence of first 41 residues of the N terminus.
(D) The entire N-terminal extension beyond the kinase domain core is dispensable when the spacer regions are intact.play a role equivalent to the interactions between the
C-terminal extension and the activation segment in Sky1p
(Nolen et al., 2001). To test our hypothesis, we mutated
seven residues in SRPK1 to the corresponding residues in
Sky1p (R208G, V504Y, H505D, E510N, D511S, Y528W,
N529G) by creating seven cumulative mutants (M1, M2.
M7) where the first mutant (M1) has only one residue
changed and each mutant thereafter contains one addi-
tional mutation and tested their effects on the catalytic ac-
tivity. If these side-chain interactions are responsible for
compensating the function of the C-terminal extension in
Sky1p, then the SRPK1 mutants would show significant
defect in activity since the corresponding side chains in
Sky1p cannot maintain the kinase activity in the absence
of theC-terminal extension. Strikingly, even themost dras-
tic M7mutant does not show significant defect in catalytic
activity, suggesting that interactions mediated by these
residues may not play an important role in SRPK1 activity
(Figure 4B). As mentioned above, Y528 appeared to be
particularly important because of its apparent contact
with several other residues and its conservation in several
kinases. In the mutant, this tyrosine was substituted by
tryptophan, which could maintain some of the hydropho-
bic interactions. To further test if the lack of effect of M7
was due to conserved change of Tyr to Trp, we mutated
Tyr to Ala both as a single mutant or in the context of all
seven residues (we call it M7a). Strikingly, neither Y528A
nor M7a was any more defective than the original M7
mutant (Figure 4B).Structure 15, 123Additionally, we tested Q513, a residue that shows
strained conformation (f = 70.7, c = 141.7). The corre-
sponding residue in Sky1p andDYRK1A has been demon-
strated to be important for catalytic activity (Nolen et al.,
2001; Wiechmann et al., 2003). We mutated this residue
to a glycine, which cannot possibly adopt any strained
backbone conformation, and tested its effect on the cata-
lytic activity of SRPK1. As observed in all other mutants,
this mutant also revealed no drastic effect in activity (Fig-
ure 4B). To further confirm the robustness of SRPK1, we
generated L127A single and L127A, W503A double
mutants. These two residues appear to bridge the critical
helix aC to the activation loop through hydrophobic con-
tact. Again, we do not see any significant defect in ASF/
SF2 phosphorylation by these mutants (Figure 4B). We
suggest that SRPK1 is a unique kinase, which is unusually
resistant to inactivation. Moreover, mutagenesis results
suggest that the role of P+1 loop in substrate binding
and catalysis that has been observed in all known kinases
may not be as critical in SRPK1.
Molecular Dynamics Studies Reveal Compensatory
Interactions that Stabilize the Predicted
Destabilization Mutations
To further understand the molecular basis for SRPK1 ac-
tivation mechanism, we carried out molecular dynamics
simulations. Simulations were initiated from the crystal
structure of SRPK1DNS1 in the presence or absence of
an ATP molecule and two molecules of Mg2+. In order to–133, January 2007 ª2007 Elsevier Ltd All rights reserved 127
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Crystal Structure of Apo-SRPK1Figure 4. Unique SRPK1 Interactions at
the Activation Segment
(A) Structures of SRPK1 and Sky1p are com-
pared at the activation segment. Top panel:
SRPK1 contains multiple side chains near or
at the activation loop that mediate contacts not
seen in Sky1p. Residues that are mutated in
the M7 mutant are labeled in red, and the resi-
dues involved in bridging the helix aC and the
activation loop are colored in blue. Bottom
panel: Sky1p structure shows that the C-termi-
nal extension directly contacts the activation
loop. Due to the placement of the C-terminal
extension, the corresponding residues of R208
and N529 in SRPK1 are glycines in Sky1p and
are marked with crosses on the diagram.
(B) Mutant SRPK1 (M7) contains seven muta-
tions around the activation segment does not
show significant defect in catalytic activity.
Although content of phosphorylation was re-
duced during the first minute of reaction, the
mutant kinase was able to fully phosphorylate
all substrate and reached saturation. Y528 mu-
tated to alanine alone or in the context of M7
(M7a) also did not show drastic reduction of
kinase activity as the phosphorylation reached
completion in 15 min as seen for the wild-type
kinase. Q513, a residue shown to be critical for
kinase activity in the case of Sky1p and
DYRK1A (Nolen et al., 2001; Wiechmann et al.,
2003), did not show significant reduction of cat-
alytic activity when mutated to glycine. L127
and W503 appear to couple helix aC to the
activation loop.However, theirmutations to ala-
nines did not significantly affect the catalytic
activity of SRPK1. The absence of significant
defects in catalytic activities of all mutants sug-
gests that SRPK1-specific interactions at the
activation segment may not play an important
role in maintaining the constitutive activity.fairly compare the structural stability of the native con-
structwith a spacer deletionmutant, we computed the rms
deviation of the backbone atoms from their initial positions
by using only residues found both the native and the
spacer, i.e., residues 67–228 and 490–655. As shown in
Figure 5A, the native construct was quite stable both in
the presence and in the absence of ATP, with a backbone
rmsd reaching a plateau of 1.5 A˚ and rmsd of 0.75 A˚ in the
loop residues. In contrast, the stability of the spacer dele-
tion mutant depended on the presence of ATP. To better
understand the nature of the fluctuations that drive the
increased rmsd in the apo spacer deletion mutant, we cal-
culated the core average structure for each simulation,
defined as the set of residues whose a carbons exhibit a
root-mean-squarefluctuation (rmsf) less thansomethresh-
old. We found that for the simulation of both ATP-bound
wild-type construct aswell as the ATP-bound spacer dele-
tion mutant, a core structure containing at least 307 out of
the 328 residues in the spacer deletion mutant could be
obtained with an rmsf of less than 1.5 A˚. However, for the
apo spacer deletion mutant, a core structure containing
302 residues still had an rmsf of 2.0 A˚, indicating that128 Structure 15, 123–133, January 2007 ª2007 Elsevier Ltd Athe fluctuations in this simulation were not confined to
flexible loops but rather involved global internal motions.
Inspection of the rms-aligned simulation snapshots
showed that these motions correspond to hinge move-
ments of the small lobe relative to the large lobe, as illus-
trated in Figures 5B–5D.
Although the spacer deletion mutant was less stable in
our simulation than the native system, its average struc-
ture was still nearly identical to that of the native construct,
as shown in Figure 5B. This suggests that the spacer res-
idues do not bias the relative position of the small lobe but
rather serve to stabilize its conformation. Due to the lim-
ited time scale of the simulations, we cannot completely
exclude the possibility that the spacer deletion mutant
might be more stable in a different conformation. The
role of ATP in stabilizing the closed form of SRPK1 is in ac-
cord with previous experimental as well as simulation
studies of cAMP-dependent protein kinase (PKA) (Cox
et al., 1994; Helms and McCammon, 1997).
The lack of any effect on catalysis of the M7mutant was
surprising because of their locations and drastic altera-
tions in side-chain properties. The M7 mutant simulationsll rights reserved
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Crystal Structure of Apo-SRPK1Figure 5. Spacer Inserts Are Responsi-
ble for Conformational Stability of SRPK1
(A) Rms distance of backbone atoms relative
to starting structures for wild-type ATP-bound
(black), spacer deletion ATP-bound (red), wild-
type apo (blue), and spacer deletion apo
(orange).
(B) Overlaid average structures for the simula-
tions of Figure 5A. Purple, residues common
to the stable cores of all four simulations;
black, red, blue, and orange, core average
structures from wild-type ATP-bound, spacer
deletionATP-bound,wild-typeapo, andspacer
deletion apo, respectively.
(C and D) Spontaneous fluctuations of apo
spacer deletion mutant at 3 ns ([C], green)
and 4 ns ([D], blue) relative to average structure
(shown in purple in both panels). In the ab-
sence of the spacer helices and ATP, the small
lobe is able to undergo large rocking motions
relative to the large lobe, suggesting the kinase
is in a less stable conformation.were consistent with this result, as the mutant activation
loop adopted a stable structure close to the native form
in both the apo and theATP-bound simulations (Figure 6A).
Themutant loop retained this high degree of stability in the
simulations in part because contacts found in the native
structure were replaced by contacts with nearby residues
Figure 6. Mutations at the Activation Segment Compensate
Wild-Type Interactions
(A) Rms distance of mutant residues in the activation loop region (res-
idues 208, 504, 505, 510, 528, 529, 511) for wild-type ATP-bound
(black), mutant ATP-bound (red), wild-type apo (blue), and mutant
apo (orange).
(B and C) Orientation of side-chain residues in the activation loop re-
gion in the ATP-boundwild-type (B) and activation loopmutant (C) sim-
ulations. The side chains that acquire alternative interactions were la-
beled in black before mutations (B) and in green after mutations (C).Structure 15, 123in the mutant (Table 1 and Figures 6B and 6C). Although
the new contacts formed in the model of the mutant struc-
ture are less stable than in the wild-type, they appear to
suffice to maintain a conformation similar to the wild-
type structure. This preponderance of compensatory in-
teractions to preserve the active conformation of the acti-
vation segment has not been observed in other kinases.
To our knowledge, our studies thus describe a new way
to maintain the active conformation of a protein kinase.
A Model of the SRPK1:ASF/SF2 Complex Reveals
the Mechanism of Processive Phosphorylation
We wanted to understand how the substrate binding
enables the kinase to processively phosphorylate the
substrate. The extended conformation of the substrate-
binding groove of active SRPK1DNS1, a previous model
of active-site peptide bound to Sky1p, and the structure of
the docking-peptide-bound SRPK1DNS1 reported earlier
allowedus tobuild amodel of SRPK1DNS1:ASF/SF2 com-
plex (Figure 7A) (Ngo et al., 2005; Nolen et al., 2001). This
model included residues 191 to 209 of ASF/SF2, which
Table 1. Interactions at the Activation Segment of
SRPK1
Original Interactions
in Wild-Type Construct
Type of
Interaction
E510 side chain K585 side chain Ionic
Y528 side chain T509 backbone H-bond
H505 side chain V504 side chain van der Waals
New Interactions
in Mutant Construct
Type of
Interaction
N510 side chain G527 backbone H-bond
W528 side chain H507, Y504 side chain Stacking
D505 side chain K506 side chain H-bond–133, January 2007 ª2007 Elsevier Ltd All rights reserved 129
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Crystal Structure of Apo-SRPK1Figure 7. Model of an ASF/SF2 Peptide
Docked to the SRPK1 Crystal Structure
and the Model of Processive Phosphory-
lation
(A) Surface rendition of ASF/SF2:SRPK1DNS1
complex. SRPK1 is colored blue and ASF/SF2
peptide is colored yellow. The critical basic
residues in the docking motif of ASF/SF2 are
indicated.
(B) Snapshots from the final 6 ns of the MD
trajectory taken at 100 ps intervals are over-
layed, indicating the degree of fluctuations of
the model structure. SRPK1 solvent-accessi-
ble surface is colored by electrostatic potential
computed by APBS (Baker et al., 2001). The
docking motif (RVKVDPGR) is colored yellow,
the connector peptide (SPSYG) is colored
green, and the RS domain is colored purple.contain both the docking motif and phosphorylation site
of the substrate. The model was refined by molecular
dynamics simulation. As shown in Figure 7B, the peptide
is quite stable (less than 2.0 A˚ rmsd) during the final 6 ns
simulation. A striking feature of this complex is overall
complementarity of the interaction surface between the
kinase and the substrate (Figure 7A). The position of the
docking peptide 191–198 does not appreciably change
after simulation (Figure 7B). Interestingly, the guanidinium
group of arginine at position 198 interacts with same resi-
dues of the kinase as the third arginine of the soaked pep-
tide. This suggests that the spacing of the second and third
basic residues does not need to be strictly conserved.
Based on our model, we conclude that the eight-residue
segment (191–198) constitutes the substrate docking
motif.
The last segment in our model is the active-site peptide,
which includes the first three RS dipeptide repeats of the
RS domain of ASF/SF2. The position of the active-site
peptide (G2R1S0R+1S+2R+3) in the model is the same
as for the Npl3p-derived peptide modeled in the active
site of Sky1p (Nolen et al., 2001) with the exception that
a glycine occupies the P2 position instead of a glutamate
in Npl3p. In the model, the five residues (199–203) of the
model substrate between the docking motif and the RS
domain did not make reliably strong contacts during the
simulation with the surface of the kinase, especially com-
pared to those contacts made by the docking motif. This
conformational freedommay be necessary in order to per-
mit conformational changes that occur at the active site to
position serines after each round of catalysis without af-
fecting kinase-substrate interactions at the docking site.
Overall, this model explains the stable binding between
the kinase and ASF/SF2 and is consistent with processive
phosphorylation in either the N0 to C0, or C0 to N0, direction.
Moreover, the modeled binding mode positions the sec-
ond RRMclose to the bottom of the kinase, which displays
an overall negative charge. The high affinity of binding be-
tween ASF/SF2 and SRPK1 complex is likely to come130 Structure 15, 123–133, January 2007 ª2007 Elsevier Ltd Aform the contacts between the RRM(s) and the kinase fa-
cilitating processive phosphorylation.
Conclusion
In this study, we used structural, biochemical, and com-
putational approaches to investigate the molecular mech-
anism of how SRPK1 preserves its constitutive activity
and processively phosphorylates its substrate at approx-
imately ten sites. The X-ray structure of SRPK1 surpris-
ingly reveals that the catalytically competent conformation
of the activation segment does not rely upon any direct
stabilization mechanism observed for other active Ser/
Thr kinases. We propose that the network of contacts
that binds together distal part of the kinase predisposes
SRPK1 into an active state. An important outcome of our
experiments is that the active conformation of SRPK1
can be achieved in multiple ways such that it can absorb
mutations in critical areas without reducing its catalytic
activity. We suggest that SRPK1 is organized in such
stable and active conformation in order to efficiently phos-
phorylate a large number of serines in each substrate
molecule.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
The SRPK1DNS1 construct corresponding to residues 42–255 and
474–655 of SRPK1 was designed based on sequence conservation
and expressed with an N-terminal hexa-histidine tag in Escherichia
coli BL21(lDE3). The (His6)-SRPK1DNS1 fusion protein was first puri-
fied by two chromatographic steps with Mono-Q (Pharmacia) and
Ni-NTA agarose (QIAGEN) columns and was cleaved with 0.1 U of
thrombin/mg SRPK1DNS1 for 16 hr at room temperature. The cleaved
protein was loaded onto Superdex 75 column (Pharmacia) and eluted
in 20 mM MES (pH 6.5), 250 mM KCl, 5% glycerol, and 1 mM DTT by
using an A¨KTA purifier system (Pharmacia). The protein was concen-
trated to 12 mg/ml and stored at 80C.
Protein Crystallization and Data Collection
Small crystals were obtained by the hanging drop vapor diffusion at
18C by using the Hampton Screen (Hampton Research). The dropll rights reserved
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Crystal Structure of Apo-SRPK1Table 2. Data Collection, Phasing, and Refinement
Crystal Form Native Peak (SeMet) Edge (SeMet) Remote (SeMet)
Data Collection
Data Collection Source APS ID-19 ALS 5.0.2
Wavelength (A˚) 1.0332 0.97976 0.97996 0.9649
Resolution (A˚) 30–1.73 50–2.0 50–2.0 50–2.14
Number of measured reflections 562,787 496,903 556,508 540,921
Number of unique reflections 55,769 35,757 35,797 29,780
Completeness (outer shell) (%) 99.5 (99.9) 98.0 (87.1) 98.6 (90.3) 95.3 (61.9)
I/s (overall/outer shell) 11.5 (5.87) 16.5(1.55) 13.5 (1.61) 11.0 (0.91)
Rsym
a (overall/outer shell) (%) 7.9 (58.4) 5.0 (37.0) 5.8 (55.2) 8.1 (78.8)
Phasing powerb (centric/acentric) 2.086/2.030 2.480/2.324 1.488/1.256
Figure of merit (centric/acentric) 0.8433/0.6475
Refinement
Resolution (A˚) 30–1.73
Rcrys
c (%) 19.72
Rfree
d (%) 21.76
Rms deviations
Bond lengths (A˚) 0.0106
Bond angles 1.431
aRsym = SjI  hIij/SI.
b Phasing power = hjFHji/hjjFPHj  jFP + FHjji.
c Rcrys = SjjFobsj  jFcalcjj/SjFobsj, where Fobs and Fcalc are the observed and calculated structure factors, respectively.
d Rfree was calculated with 5% of the data excluded from the refinement calculation.contained 1 ml protein at 12 mg/ml mixed with 1 ul of reservoir solution.
Optimal condition for crystallization was found to be 100 mM sodium
citrate (pH 5.6), 200 mM ammonium acetate, and 15% PEG 3350
in the reservoir. SRPK1DNS1 crystallized in P6522 space group
(a = b = 75.11 A˚, c = 313.33 A˚, a = b = 90, and g = 120) with one mol-
ecule per asymmetric unit.
Structure Determination and Refinement
Initial phases of apo-SRPK1DNS1 were obtained by multiwavelength
anomalous dispersion (MAD) data from a seleno-methionine derivative
crystal. The positions of all five selenium sites in the asymmetric unit
were located by anomalous Patterson and difference Fourier methods
with the CNS suite (Brunger et al., 1998). Selenium positions were
refined, and MAD phases were also calculated with CNS. The initial
electron density map was significantly improved after solvent flatten-
ing and led to a clear and interpretable map. The MAD electron density
map was used to build an initial model with the program Xtalview
(McRee, 1999). The model was refined with the program CNS and
improved by rebuilding after recalculation of electron density with
weighted combinations of model andMAD phases. The Rcryst and Rfree
for the apo-SRPK1DNS1 model were 19.72% and 21.76%, respec-
tively, for data from 30–1.73 A˚ (Table 2). The final model includes
residues 63–64, 67–236, and 475–655, five molecules of ethylene
glycol, and 298water molecules. Analysis of themodel by PROCHECK
(Laskowski et al., 1993) indicated that over 99.4%of the residues are in
most favored or additionally allowed region of the Ramachandaran
plot. Q513 was the only residue in the disallowed region, and T212
was in a generously allowed region.
In Vitro Kinase Assays
Six hundred nanomolar of each different kinase construct was incu-
bated with 10 mM GST-ASF/SF2 (1–219), 200 mM ATP, and 800 mCi-1Structure 15, 123g-32P-ATP in 50 mM Tris-Cl (pH 7.5), 10 mM MgCl2, 1 mg/ml BSA,
and 1 mM dithiothreitol at 22C. Reactions were quenched by addition
of 43 SDS buffer and subsequent boiling. Reaction mixes were run
on a 12.5% SDS gel. The gel was dried and exposed to autoradiogra-
phy film.
Molecular Dynamics Simulation
Simulation structures were prepared with the Amber ff03 force field
(Duan et al., 2003) for the native SRPK1DNS1 construct as well as
the two mutant structures. ATP and 2 Mg2+ ions were modeled into
the active site (Florian et al., 2002). The activation loop mutant struc-
ture was prepared by replacing the native side chains, followed by re-
packing of all side chains from residues within 4 A˚ of a mutated side
chain. The program SCWRL3 (Canutescu et al., 2003) was used to
find an optimal set of rotamers for each repacked side chain. For the
spacer mutant, the two C-terminal residues 227 and 228 in the first
chain were converted to Ala and joined to the N-terminal K490 of the
second chain; the resulting loop was then energyminimized separately
before proceeding. With all a carbons restrained at their crystallo-
graphic positions, each structure was solvated, energy minimized,
and equilibrated for 10 ps at 300 K and 1 atm with a Langevin temper-
ature bath and Langevin piston barostat. Restraints were then re-
leased, and the systems were allowed to equilibrate for just under
6 ns, at which point the rms deviation from the starting structure had
stabilized in each case. All simulations were performed with NAMD
2.6b1 (Kale et al., 1999).
Calculation of the Core Average Structures
The core structures for the simulation of the wild-type construct and
spacer deletion mutant were obtained iteratively by aligning the snap-
shots, discarding the residue with the highest rmsf, and repeating the
alignment with the remaining residues until no residue’s rmsf–133, January 2007 ª2007 Elsevier Ltd All rights reserved 131
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rmsf typically decreased to a plateau, indicating that the core structure
had been located.
Modeling of the SRPK1DNS1:ASF/SF2 Complex
The model for the ASF/SF2 peptide bound to SRPK1DNS1 was con-
structed based on the crystal structure of SRPK1DNS1 bound to the
docking site peptide and a previously refined model of the active site
peptide bound to Sky1p (Nolen et al., 2001). The positions of the side
chains of the first two resolved arginine residues, as well as the posi-
tion of the backbone atoms of the first five resolved residues, were
used as a template to model the first eight residues of the ASF/SF2
peptide (RVKVDGPR) onto the binding site. This initial structure was
extended to include the P0 serine and manually docked to the kinase
surface by interactive molecular dynamics (Grayson et al., 2003; Stone
et al., 2001) with VMD (Humphrey et al., 1996). The positions of P1
arginine and P0 serine were subsequently adjusted by aligning the
structure of Sky1p with that of SRPK1 by using the STAMP program
(Russell and Barton, 1992) and by using the resulting position of the
RS residues from the active-site peptide. Finally, the peptide was ex-
tended with two additional RS repeats, which were allowed to relax
onto the protein surface.
Refinement of this modeled complex was performed by using
NAMD2 (Kale et al., 1999) and the parm94 Amber force field (Cornell
et al., 1995), with explicit solvent and full electrostatics by the particle
mesh Ewald method (Essmann et al., 1995). The modeled complex
was solvated and energy minimized while keeping the positions of the
SRPK1DNS1 a carbons fixed. The complex structure was simulated at
300 K and 1 atm pressure conditions for 10.3 ns with SRPK1DNS1
a carbons restrained to within 1 A˚ of their initial positions. The restraints
were subsequently released, and the structure was allowed to equili-
brate freely for an additional 3.2 ns. During this free equilibration pe-
riod, the backbone rmsd of SRPK1DNS1 relative to its structure at
the beginning of equilibration stabilized at 1.2 A˚, while that of the pep-
tide remained nearly unchanged at 2.5–3.0 A˚. A representative struc-
ture based on a cluster analysis of trajectory snapshots was chosen
for Figure 7B.
Supplemental Data
Supplemental Data include two figures and are available at http://
www.structure.org/cgi/content/full/15/1/123/DC1/.
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